ABSTRACT: Enteral feeding with cow's milk formula is associated with neonatal necrotizing enterocolitis (NEC) and sepsis. Dietary antigen sensitization may play a role in promoting and/or sustaining inflammation in both conditions. Aiming at investigating cow's milk protein (CMP)-specific cytokine responses in preterm infants with NEC and sepsis, 14 babies with NEC, 14 matched healthy controls, and 10 septic controls were recruited. Unstimulated and stimulated peripheral blood mononuclear cells (PBMCs) secreting IFN-␥, IL-4, IL-10, and TGF-␤1 were counted by the single-cell enzyme-linked immunospot (ELISPOT) assay. During the acute phase of NEC, patients showed a general pattern of a high level of cytokine secretion both when unstimulated and stimulated by mitogen [phytohaemagglutinin (PHA)] and CMPs: beta-lactoglobulin (␤-lg) and casein. These responses were more marked to ␤-lg for IFN-␥, IL-4, and IL-10 than TGF-␤1. Cytokine responses in sepsis were lower than in NEC (lowest in healthy controls, with a minimal TGF-␤1 response). At term, lower frequencies of cytokine-secreting cells were elicited than during the acute phase, except for TGF-␤1 secreting cells, which increased at term (in response to PHA and CMPs) particularly following not only NEC but also sepsis. 
N eonatal necrotizing enterocolitis (NEC) and sepsis are among the more commonly encountered complications in the NICU (1) . In both conditions, the disease incidence is inversely related to the birth weight and GA (2) . NEC represents a heterogeneous group of intestinal illnesses that encompasses a spectrum of clinical presentations and varying degrees of intestinal inflammation (3) . The pathogenesis of NEC is recognized to be multifactorial but remains incompletely understood. Several predisposing factors have been identified including prematurity, formula milk feeding, intestinal hypoxia/ischemia, and bacterial translocation. NEC typically occurs in preterm infants (4) who are also particularly susceptible to sepsis (5) .
Most cases of NEC occur in enterally fed infants. The nature of the enteral feed seems to be an important pathogenic factor. Epidemiological studies have suggested an increased risk of NEC in cow's milk formula-fed infants when compared with those receiving breast milk (maternal or donor) (6) . To date, the potential link between NEC and formula milk has mostly been explored through identifying the immunoprotective elements in breast milk and the determining effect of milk type (formula or breast) on the development of the intestinal microbiota (7) . Beta-lactoglobulin (␤-lg), not known to normally exist in the human breast milk, represents ϳ8.5% of the protein composition of cow's milk proteins (CMPs), whereas caseins, presenting Ͻ30% of the human breast milk proteins, constitutes Ͼ80% of the CMPs (8) .
Although the immune system of preterm has been regarded as relatively "immature" compared with that of full term infants, the preterm babies can appropriately respond to antigenic stimuli. However, little is known about the immunological responses of these infants to dietary antigens (9) , either in "healthy" state or, perhaps more importantly, in disease states that may involve the mucosal gut barrier such as NEC and sepsis.
We previously demonstrated evidence of sensitization to CMPs in babies with NEC where the in vitro stimulation of peripheral blood mononuclear cells (PBMCs) with casein and ␤-lg induced an effector response of both T helper (Th) cell types: Th1 (IFN-␥) and Th2 (IL-4 and 5) (10) .
In this study, by using the sensitive enzyme-linked immunospot (ELISPOT) method that permits the detection of cytokine secretion at a single cell level, we further examined this phenomenon. Infants with NEC, healthy controls, and infants with sepsis were evaluated. In addition to reinvestigating the secretion of IFN-␥ and IL-4, we also characterized that of the regulatory cytokines IL-10 (secreted by Th regulatory cells type 1) and TGF-␤1 (secreted by Th3) by PBMCs. Furthermore, we repeated all the assessments at term when the infants have recovered from NEC and sepsis compared with healthy controls to measure the changes in cytokines responses over time.
SUBJECTS AND METHODS
Subjects. Thirty-eight preterm infants admitted to the NICU at Chelsea & Westminster Hospital between February 2006 and August 2007 were recruited into three study groups: 14 preterm infants with NEC [modified Bell's staging (11) grade II: eight cases and grade III: six cases] who were consec-utively identified and recruited within 24 h of diagnosis; 14 healthy controls with no history of NEC or sepsis who were individually matched by parallel selection for postconceptional age (PCA) and postnatal age (PNA) against the patients with NEC; and 10 infants with late onset (Ͼ1 wk of age) blood culture positive sepsis (septic controls), of matched, although not individually, PCA and PNA to the patients with NEC and healthy controls.
Isolation of PBMCs. Approximately 0.5 mL of heparinized blood was collected from infants in the three groups at diagnosis and then at term. PBMCs were isolated by density gradient centrifugation using standard procedures. Cells were washed in complete medium (R10) containing RPMI 1640 7 (Sigma Chemical Co.-Aldrich, Gillingham, United Kingdom), 50 U/mL penicillin, 50 g/mL streptomycin, 10 g/mL gentamicin, 2 mM glutamine, sodium pyruvate, 10 mmol 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, and 10% heat inactivated FCS. The PBMC concentration was determined using a Z1 particle counter (Beckman Coulter, High Wycombe, United Kingdom). The percentage of viable cells was determined by trypan blue exclusion.
Plate coating with capture antibodies. A nitrocellulose-bottomed microtiter plate (MAIPS 4510; Millipore, Watford, United Kingdom) was prewetted with 20 L/well of 70% ethyl alcohol for 5 min at room temperature. Alcohol was decanted, and wells were washed three times with 200 L PBS and coated with cytokine-specific monoclonal capture antibody in 100 L of PBS (1 g/well for IFN-␥, IL-4, and IL-10 and 0.3 g/well for TGF-␤1). The plate was incubated for at least overnight and up to 1 wk at 4°C in a sealed bag. Just before use, unadsorbed antibody was decanted, and wells were washed three times with PBS and blocked with 200 L/well of R10 for 2 h at 37°C in 5% CO 2 -humidified atmosphere.
Incubation of PBMCs. Blocking medium was decanted and PBMCs added at 0.5 ϫ 10 5 cells per well in triplicate for each stimulus. Cells were incubated for 20 -24 h, in 5% CO 2 -humidified atmosphere, at 37°C in the absence or presence of respective antigens or mitogens: Keyhole limpet hemocyanin (KLH; 500 g/mL), ␤-lg (500 g/mL), casein (500 g/mL), and phytohaemagglutinin (PHA; 10 g/mL; Sigma Chemical Co.-Aldrich).
Detection of cytokine-secreting cells. Wells were washed six times with PBS containing 0.05% Tween 20 (200 L/well; Sigma Chemical Co.). A 0.4-m filtered biotinylated cytokine-specific monoclonal antibody (MAb) was added in 100-L volumes/well (0.1 g/well, diluted in PBS/0.5% BSA) and incubated for 4 h at room temperature.
Capture and detection MAbs to IFN-␥ and IL-4 were obtained from MAbtech AB (Nacka Strand, Sweden), whereas those to IL-10 from BD Biosciences (San Diego, CA) and those to TGF-␤1 (capture Ab: recombinant Human TGF-␤ sRII/Fc Chimera and biotinylated anti-TGF-␤1 antibody) were obtained from R&D systems (United Kingdom). At the end of the incubation period, the wells were washed six times with PBS/0.05% Tween 20 and 100 L avidin-biotin-peroxidase-complex (ABC; Vector Laboratories, Burlingame, CA), prepared per manufacturer's instructions, was added for 1-2 h at room temperature. The wells were washed three times with 200 L PBS/Tween 20, followed by three times with 200 L PBS and finally, 100 L of amino-ethyl-carbazole (AEC) substrate (Sigma Chemical Co.-Aldrich) were added per well and spot developed at room temperature for 4 min before washing with tap water and drying overnight. Spots were enumerated with an ELISPOT plate reader (Carl Zeiss, Welwyn Garden City, United Kingdom). The final results were expressed as spot forming cells (SFCs) per 10 5 PBMC. Statistics. The data in each of the three groups were tested for normality of distribution and found to be nonparametric. Different sets of analyses examined the four cytokine-response differences in each group both at the acute stage and at term. Results are expressed as the median and interquartile range (IQR) for each group or as a number and percentage. Comparisons between infants with NEC and healthy controls were analyzed as paired data (Wilcoxon matched-pairs test) as for comparisons between term and acute samples. Comparisons with septic infants were not paired (Mann-Whitney test). The level of significance was set to 1%; only p Յ 0.01 were considered to be statistically significant.
Ethical approval. The approval for the study was obtained from the Riverside Research Ethics Committee. Written informed consent was obtained from the parents in each case.
RESULTS

Demographics.
According to the study design, the infants with NEC and healthy control infants were individually matched for PCA and PNA (median PCA, 34.5 wk; median PNA, 32 d). There was no significant difference in age among the three groups although the "septic controls" tended to be younger (median PCA, 28.5 wk; median, PNA 14 d). However, there was a significant difference in birth weight, with the healthy controls significantly heavier than the babies in the other two groups (Table 1) .
All the "septic controls" had positive blood cultures (coagulase negative Staphylococci in 8/10). Positive blood cultures were obtained from four infants with NEC (Table 1) . C-reactive protein (CRP) was increased in all NEC and septic cases but more for NEC (median CRP, 182 mg/L versus 104 mg/L; p ϭ 0.02).
All infants with NEC and 9 of 10 infants with sepsis had been exposed to cow's milk formula before diagnosis. Six of 14 healthy controls had been exposed to cow's milk formula ( Table 1) .
Clinical progress until term. After recruitment, babies were followed up until term. Of the patients with NEC, nine underwent laparotomy, with stoma formation in six, and, at term, four were receiving special formula (hydrolyzed or amino acid-based); and two were exclusively receiving breast milk. Among the septic group, two were exclusively receiving breast milk, and eight were receiving formula milk at term.
Two infants with NEC died because of multiorgan failure before term, and hence, in parallel, two healthy controls were dropped from the study at term. Of 12 healthy controls studied at term, five were exclusively fed with breast milk (Table 1) .
ELISPOTs were performed for four cytokines (IFN-␥, IL-4, IL-10, and TGF␤1) on PBMCs from the three groups (NEC, septic, and healthy controls) at presentation and also at term. The results are expressed as number of SFCs per 10 5 mononuclear cells (MNCs). When in vitro stimulation was performed, the response to stimulation is presented as ⌬ELISPOTs. This represents the number of SFCs postantigen/mitogen stimulation minus the number of spontaneously (unstimulated) SFCs.
Spontaneous PBMC ELISPOTs. In healthy preterm infants, there were low numbers of cells spontaneously secreting IFN-␥, IL-4, IL-10, and TGF-␤1, both in the acute-stage sample and at term. At presentation, significantly higher level of IFN-␥, IL-4, and IL-10 secreting cells were detected in patients with NEC and sepsis (NEC Ͼ sepsis; p Ͻ 0.002). This effect was less marked for TGF-␤1 (NEC Ͼ sepsis; p Ͻ 0.003). However, at term, the number of IFN-␥, IL-4, and IL-10 secreting cells had decreased significantly for NEC and sepsis (p Ͻ 0.006 and 0.005, respectively), whereas TGF-␤1 secreting cell numbers had increased (Ϸ5 fold; p Ͻ 0.002 for NEC and 0.005 for sepsis; Table 3 ).
Response to mitogen stimulation. In vitro stimulation of PBMCs with PHA produced a significant increase in IFN-␥, IL-4, IL-10, and TGF-␤1 secreting cells in healthy controls from the acute-stage sample and at term. At presentation, the number of cytokine-secreting cells detected in the NEC group exceeded that of controls (3-9 fold; p Ͻ 0.002) for the four cytokines, whereas, in the patients with sepsis, the augmentation of cytokine-secreting cell numbers was less marked (Ϸ2 fold). At term, the cytokine responses in NEC and septic cases to PHA stimulation were less marked for IFN-␥, IL-4, and IL-10, although high levels persisted for TGF-␤1 (Table 2) .
Antigen-specific response to ␤-lg. ␤-lg stimulation elicited small responses in healthy controls both at the initial sample and at term for all the four cytokines. These responses were significantly enhanced in NEC and sepsis (NEC Ͼ sepsis; 4 -10 fold; p Ͻ 0.001) for IFN-␥, IL-4, and IL-10 at presentation. This enhancement was significantly less marked at term (Fig. 1) . However, TGF-␤1 secretion was only slightly enhanced at presentation (NEC and sepsis, Ϸ2-fold enhancement; p ϭ 0.007); however, at term, ␤-lg-induced enhancement was significantly greater (NEC and sepsis, Ͼ5-fold enhancement; Fig. 1 ). Antigen-specific response to casein. Casein stimulation of PBMCs from patients with NEC and from septic and healthy controls produced a similar pattern of response to ␤-lg, both at presentation and at term. Minimal responses were elicited in healthy controls (both initial and term samples) for all the four cytokines. These responses were enhanced in NEC and sepsis (NEC Ͼ sepsis, 3-5 fold; p Ͻ 0.002) for IFN-␥, IL-4, and IL-10 at presentation. This enhancement was significantly less marked at term (Fig. 2) . However, TGF-␤1 secretion was only marginally enhanced in the acute stage for NEC and sepsis; however, at term, casein-induced enhancement was significantly greater (NEC and sepsis, Ͼ5-fold enhancement; Fig. 2) . Stimulation with KLH induced negligible responses in all samples (NEC, sepsis, and healthy controls at presentation and at term for the four cytokines assessed).
DISCUSSION
In this study, we have used the sensitive ELISPOT assay to measure in vitro the frequency of PBMCs secreting four cytokines (IFN-␥, IL-4, IL-10 , and TGF-␤1) in preterm infants with neonatal NEC and sepsis during the acute stage of the disease and at term compared with "healthy" controls of matched gestation and PNA. We present further evidence of CMP (␤-lg and casein) sensitization in preterm infants with NEC, and a similar, yet less pronounced, response in septic preterm babies, during the acute stage of the disease. Furthermore, we also characterized the natural history of the observed responses in the three groups at term.
In line with our previous observations (10), we found, during the acute stage of NEC, an effector response to milk proteins of both Th1 (IFN-␥) and Th2 (IL-4) cytokine profiles. We also showed a concomitant secretion of regulatory cytokines mainly of IL-10 and, to a much lesser extent, of TGF-␤1. Similar, yet less marked, effects were also observed in the preterm infants with sepsis.
Reviewing the feed histories of the studied infants, nearly all the infants with NEC and sepsis (23/24) had been exposed to cow's milk formula, and only one was exclusively breast fed. In the healthy controls, many infants had also been exposed to cow's milk formula (6/14) . Thus, it is unlikely that the in vitro sensitization observed in this study is because of the differences in previous dietary antigen exposure as a result of the type of milk feeds received. Changes in mucosal permeability to dietary antigens (CMPs in this case) would represent a plausible mechanism for sensitization in infants with NEC, because mucosal damage is a characteristic of the condition. Such a mechanism is also plausible in infants with sepsis because a number of the systemic inflammatory mediators found in sepsis can also increase mucosal permeability (12) . At term, after recovery from NEC and/or sepsis, the sensitization profile changes significantly with a decline in IFN-␥, IL-4, and also IL-10 responses. The decline in these milk protein specific responses with clinical improvement mirrors the decrease in background cell reactivity at rest and following stimulation with PHA. After NEC, the infants were initially refed, in accordance with our unit practice, using either breast milk or a hypoallergenic formula (hydrolyzed CMP or amino acid formula), if breast milk is not available. At term, ϳ62% of the infants in this study were once again receiving standard cow's milk formula. A fall in inflammatory cytokine secretion to ␤-lg was observed at term in all the patients with NEC and also in the infants with sepsis. Eighty percent of the infants with sepsis had remained on standard cow's milk formula. The decline in milk protein sensitization at term could thus not be accounted for by the type of milk feeds the infants were receiving at that time. During the acute stage of the disease, the regulatory cytokine (IL-10 and TGF-␤1) responses to provocation by CMPs were less marked and minimal in the case of TGF-␤1.
Both, IL-10 and TGF-␤1, play a role in the resolution of inflammation. It is possible that they contribute to the "fine tuning" rather than to the abrogation of inflammatory responses (13) . The IL-10 up-regulation observed in all subjects during the acute-stage disease is in contrast to the pattern of significantly lower frequencies of TGF-␤1-secreting cells, both spontaneously and in response to stimulation by CMPs and PHA.
At term, when the infants had recovered from NEC and sepsis, the TGF-␤1 responses to milk proteins became more prominent. The time course of this increase in TGF-␤1 secretion, indicating a change from a proinflammatory (IFN-␥ and IL-4) toward a counter-inflammatory/regulatory (IL-10 and TGF-␤1) profile, coincides with the reduction in the mucosal inflammation during recovery. Over time, while the effect of sensitization to CMPs abates, "tolerance" is reestablished in these subjects.
TGF-␤1 has previously been investigated in several intestinal inflammatory conditions (14, 15) and is known for its potent effects in mitigating mucosal inflammation, although less is known about its expression during the resolution of sepsis. Animal studies have shown that septic mice with TGF-␤1 gene deletions develop spontaneous organ failure associated with infiltration of MNCs, which indicates that this gene may play a role in controlling inflammatory responses (16) . In addition to its immunologic effects, TGF-␤1 is also known for its enhancing effect on fibrous tissue formation (17) . The relation of this compensatory increased TGF-␤1 expression to such long-term complications as stricture formation in NEC is worthy of further evaluation.
The similarities in this study between the observations made on the infants with NEC and those with sepsis are striking. It is likely that NEC and sepsis represent a spectrum of disease with overlapping causes and clinical manifestations.
The features described in early NEC (Bell's staging 1) are commonly found in and indistinguishable from infants with septic ileus. The gastrointestinal tract is recognized as a major factor in the development of neonatal sepsis (18) . The development of food antigen sensitization in sepsis in preterm infants, which we have observed, further points to a major role of the mucosa and mucosal permeability as a cause or a consequence of systemic sepsis (19) .
In conclusion, our data furthers our understanding of cytokine regulation in the process of disease evolution. The observations provide further evidence of CMP sensitization in preterm infants in different disease settings. The clinical implications of the observed in vitro CMP sensitization on the disease process or in the longer term are unclear and will require further epidemiological and immunological studies. However, in clinical practice, many neonatal units have already altered their feed strategies in infants recovering from NEC away from whole protein cow's milk feeds to breast milk, hydrolyzed protein, or amino acid formulations. The potential of modulation of immune responses through dietary antigen manipulation after NEC also requires further investigation.
